Background: Tideglusib is a GSK-3 inhibitor currently undergoing clinical trials for Alzheimer disease and progressive supranuclear palsy. Results: Removal of unbound compound does not recover the enzyme activity, and the dissociation rate constant is close to zero. The protein shows a low turnover rate in neurons. Conclusion: Tideglusib is an irreversible inhibitor of GSK-3␤. Significance: The irreversibility and the long enzyme half-life may possess interesting pharmacodynamic implications.
tion, and it is believed that this figure will grow to reach nearly 80 million cases by 2050 (1) . There currently is no effective treatment that delays the onset or slows the progression of AD. Despite extensive research efforts over the past decades to identify the precise cause of the disease and to understand the mechanisms leading to this pathological state, they still remain elusive, although significant progress has been achieved and many aspects of the biology of AD have been unveiled.
The "amyloid hypothesis" has become the leading hypothesis to explain AD pathophysiology. It suggests that the accumulation of the amyloid ␤ peptide is the primary factor that triggers a cascade of pathogenic events leading to alterations in Tau protein, synaptic dysfunction, and neuronal death (2) . Despite recent clinical failures of several drug candidates targeted towards the key steps of the amyloid cascade, the critical role of amyloid in the pathogenesis of AD is still widely accepted, and many efforts are currently being directed to establish how the oligomers formed in the initial steps of amyloid aggregation affect the neurodegenerative process characteristic of this condition and influence the pernicious events that characterize the pathology (3) (4) (5) .
As a consequence, drug discovery efforts against AD over the past two decades have primarily focused on targets defined by the amyloid cascade hypothesis, so far with disappointing results. These failures underscore the need for novel therapeutic approaches to successfully halt or reverse the pathology and cognitive decline in AD. By contrast, strategies focused on the alterations suffered by Tau protein have received relatively little attention until recently despite the fact that the presence of extensive Tau pathology is central to the disease. In this context, glycogen synthase kinase-3␤ has recently been proposed as a link between the two major pathological pathways in AD, amyloid and Tau (6 -8) , leading to the "GSK-3 hypothesis of AD" (9) . Thus, GSK-3␤ inhibition has emerged as one of the most promising therapeutic strategies in AD.
Originally discovered because of its role in the regulation of glucose metabolism, GSK-3␤ appears to be a cellular hub, integrating several signaling systems. The regulation of its activity occurs by complex mechanisms that are each dependent upon specific signaling pathways (reviewed in Ref. 10 ). GSK-3␤ has been identified as the main kinase responsible for the hyper-phosphorylation of Tau, leading to the formation of neurofibrillary tangles in AD brains (11) (12) (13) , and its expression seems to be up-regulated in the hippocampus of AD patients (14 -16) . Consequently, the enzyme has been recognized as a relevant player not only in the pathogenesis of AD but in other tauopathies as well (10) .
Besides having been identified as the major Tau protein kinase, GSK-3␤ also mediates A␤ neurotoxicity, plays an essential role in synaptic plasticity and memory, might be involved in A␤ formation, and has an important role in inflammation and neuronal death, all key features of AD neuropathology (reviewed in Ref. 17) . Indeed, GSK-3␤ is believed to induce neuronal mortality by prompting the degradation of ␤-catenin, hence avoiding the transcription of genes involved in cell survival, and also by promoting apoptosis (18, 19) . Furthermore, GSK-3␤ impairs axonal transport through a mechanism triggered by A␤ oligomers and mediated by NMDA receptors (20) . GSK-3␤ has also been confirmed as a key player in the process of memory impairment, one of the characteristic symptoms of AD; it negatively affects neuronal plasticity by promoting the inactivation of cAMP-response element-binding protein, a transcription factor involved in synaptic plasticity. GSK-3␤ also contributes to the dysfunction of APC (adenomatous polyposis coli gene product) and CRMP2 (collapsin response mediator protein-2), two structural proteins implicated in synaptic remodeling (21, 22) . In addition, recent results demonstrate that GSK-3␤ is directly involved in the long term potentiation inhibition caused by A␤ oligomers (23) , and several reports point to a genetic association of the GSK3 gene with the risk of AD either by itself (24, 25) or synergistically with Tau (26) or Cdk5 (cyclin-dependent kinase 5) (27) .
Therefore, the discovery of small molecule inhibitors of GSK-3 has attracted significant attention both as a therapeutic agent and as a means to understand the molecular basis of AD and other tauopathies. A significant effort has been made in the past few years to synthesize highly selective, potent GSK-3 inhibitors. Some of them have shown in vivo efficacy in various animal models of AD (28, 29) , and a couple of them have advanced to clinical testing (30) . Among them, the thiadiazolidindiones (TDZDs) were the first non-ATP competitive inhibitors of GSK-3 that were reported (31) . Members of this family have been tested in a number of animal models of AD. Remarkably, sustained oral administration of tideglusib (NP-12, NP031112; chemical structure shown in supplemental Fig.  1 ) to amyloid precursor protein/Tau transgenic mice led to an improvement in cognitive and behavioral deficits; a significant decrease in the levels of Tau phosphorylation, amyloid deposition and plaque-associated astrocytic proliferation and reduced neuronal loss (32) . To the best of our knowledge, tideglusib is the only GSK-3 inhibitor currently in clinical development for the treatment of AD; it is presently being tested in phase II clinical trials for both AD and progressive supranuclear palsy (33) .
Despite the successful results obtained for tideglusib in vivo, no data have been reported so far on the in vitro activity of the drug. Indeed, the only published data for compounds of the TDZD series show modest potencies on GSK-3␤ inhibition, with IC 50 values in the micromolar range (31, 34), but little was known about the mechanism of such inhibition, an aspect that is key to understanding and interpreting the effects of the drug as well as guiding the design of novel derivatives with altered features. Therefore, we have undertaken enzymological studies on the inhibition of GSK-3␤ by tideglusib, and this paper describes the results obtained, which show an irreversible inhibition of the enzyme. The potential pharmacodynamic implications of this mechanism are discussed accordingly.
EXPERIMENTAL PROCEDURES
Tideglusib was prepared in house at the Medicinal Chemistry Department. [ 35 S]Tideglusib (2.28 GBq/mmol on the day the experiment was run) was prepared by Huntingdon Life Sciences (Huntingdon, UK). N-terminal His 6 -tagged human recombinant GSK-3␤ expressed by baculovirus in infected Spodoptera frugiperda Sf21 cells was purchased from Millipore (Billerica, MA). Sephadex G-25 (PD-10 columns) was from GE Healthcare. Z'-LYTE TM reagents, expression vectors, and mouse monoclonal anti-GSK-3␣/␤ antibody were from Invitrogen. ␤-Tubulin antibody was from Abcam (Cambridge, MA). HRP-conjugated polyclonal rabbit anti-mouse immunoglobulins were from Dako (Glostrup, Denmark) Alsterpaullone and hypothemycin were from Calbiochem. CT99021 was from Selleck (Houston, TX). All other reagents were of the highest purity available from Sigma unless otherwise stated.
Generation of Mutant GSK-3␤-The mutant version of GSK-3␤ C199A was generated by using the QuikChange multisite-directed mutagenesis kit (Stratagene, Santa Clara, CA) using a human GSK-3␤ cDNA from a commercial cDNA library in pcDNA4/HisMaxB and a suitable primer (5Ј-TATTA-AAACTCGCTGACTTTGGAAGTG-3Ј) prepared in house. Constructs were transformed into Escherichia coli JM109 competent cells, and plasmid DNA was extracted with the Wizard Miniprep kit (Promega, Madison, WI), the mutation being confirmed by DNA sequence analysis. Large scale expression and purification was done at Protein Alternatives S.L. (Tres Cantos, Spain). The plasmid DNA with the mutation was subsequently engineered into pFastBac-Dual with a His 6 tag, and MAX Efficiency DH10Bac TM competent cells (Invitrogen) were used to produce recombinant baculovirus molecules. Recombinant bacmid was then transfected into baculovirus-infected S. frugiperda Sf9 insect cells using Cellfectin II reagent (Invitrogen) following the manufacturer's instructions, resulting in the production of infectious recombinant baculovirus particles. The protein was expressed at 27°C in a Wave Bioreactor system (GE Healthcare) using the transfected insect cells with a multiplicity of infection of 1. After 72 h, the cells were harvested, and extracts were prepared by sonication with 0.5% Triton X-100 in His-binding buffer (20 mM Tris-HCl, 0.5 M NaCl, 40 mM imidazole, pH 8.0). After removing cellular debris by centrifugation, the protein was purified from the cleared supernatant by immobilized metal ion affinity chromatography on a HiTrap TM column using an Ä KTA TM system (GE Healthcare) with a 40 -500 mM imidazole gradient in the same buffer over 10 column volumes. Purity and identity of the obtained protein was confirmed by SDS-PAGE and peptide mass fingerprinting by MALDI-TOF/TOF. Final material was dialyzed into 20 mM Tris-HCl, pH 7.4, 500 mM NaCl, 0.5 mM EDTA, 0.5 mM PMSF, 25% glycerol and finally aliquoted, frozen in an ethanol-dry ice bath, and stored at Ϫ80°C.
Enzymatic Assays-The activity of GSK-3␤ (both wild-type and C199A versions) was measured with the FRET-based ZЈ-LYTE TM technology from Invitrogen using as peptide substrate the so-called "Ser/Thr-9," a fluorescein-and coumarindouble-labeled 11-mer based on the sequence of human glycogen synthase I containing Ser-641. The assay was carried out at 25°C according to the manufacturer's instructions in a final volume of 10 l in 384-well low volume round bottom black plates (Corning Glass) with 50 mM Hepes, pH 7.5, 10 mM MgCl 2 , 1 mM EGTA, and 0.01% Brij-35 as assay buffer. Enzyme concentration ranged from 2 to 5 nM as determined by activesite titration with the well known inhibitor CT99021 (35, 36) . Unless otherwise stated, ATP and peptide concentrations were 12.5 and 2 M, respectively, corresponding to their respective previously determined K m values. Typically, the assays were run for 1 h in the presence or absence of compounds in a final DMSO concentration of 1%, and samples were processed according to the manufacturer's instructions. When time courses were evaluated, the reactions were stopped at the intended times and processed as above. The final readout (emission ratio between coumarin and fluorescein) was obtained in an EnVision Xcite plate reader (PerkinElmer Life Sciences), and the resulting values were converted to the amount of product formed using a standard curve with phosphorylated and intact peptides. When concentration responses of the compounds were evaluated, their potencies were determined as the negative logarithm of the IC 50 in molar units (i.e. the pIC 50 ) as the experiments were carried out by performing serial dilutions, and therefore the range of concentrations was evenly distributed in a logarithmic rather than a linear scale. pIC 50 values were calculated by fitting the resulting data to Equation 1, using the nonlinear regression function of Prism 5.0 (GraphPad Software Inc., La Jolla, CA).
Equation 1 is a modified version of the classic isotherm equation, where Min and Max are the lower and higher asymptotes of the resulting sigmoid curve, [I] is the concentration of inhibitor in molar units, and n is the Hill coefficient. Percentage inhibition was calculated from the ratio of the enzyme activity in the presence and absence of compound. The mean pIC 50 values from duplicate experiments were finally calculated, and these mean values were converted to IC 50 values by taking the antilog. Likewise, the range of IC 50 values defined by both duplicates was calculated by taking the antilog of the pIC 50 range; the resulting value corresponds to the factor that must multiply or divide each IC 50 to define such a range.
When double titrations of ATP and tideglusib were performed, the assay was carried out as described above for 15 min (after having proved that linearity was kept during that time and a reasonably good approximation to initial rates was obtained), varying both ATP and tideglusib concentrations while keeping the concentration of peptide substrate fixed. Data analysis was performed by fitting the experimental data to the appropriate equations for competitive, uncompetitive, and non-competitive inhibition. The best results (as judged by F-test) were obtained when fitting to the non-competitive model described by Equation 2 ,
where v 0 is the initial rate, ␣ is the parameter showing how the binding of the substrate and the inhibitor are mutually affected, K i is the inhibition constant, K m is the Michaelis constant for ATP, V is the maximum velocity, and [I] and [S] are tideglusib and ATP concentrations, respectively. Filtration Experiments-The reversibility of GSK-3␤ inhibition was tested by filtration through Amicon Ultra-0.5 centrifugal filter devices (Millipore) with a cut-off of 30 kDa followed by dilution of the concentrated retentate. Samples of 20 nM GSK-3␤ in the assay buffer described above were incubated with 1% DMSO or with a 1 M concentration of the tested compounds in 1% DMSO for 30 min and then filtered by centrifugation according to the manufacturer's instructions. The retentate sample was diluted 20-fold with assay buffer to recover the original volume. This procedure was repeated twice (i.e. total dilution was 400-fold), and finally, the diluted retentate was used to measure the GSK-3␤ activity as described above.
Binding Experiments with Radiolabeled Tideglusib-To further investigate the interaction of tideglusib with GSK-3␤, binding studies with radioactive compound were performed. [ 35 S]tideglusib (207 Bq/nmol) at 55 M was incubated with 5 M GSK-3␤ for 1 h at 25°C in 315 l of 50 mM Tris-HCl, pH 7.5, containing 150 mM NaCl and 0.1 mM EGTA. The incubation was extended for another 30 min after having added 35 l of the same buffer with or without 100 mM DTE. Samples were then processed in three different ways. First, an aliquot of 125 l of each sample was mixed with 375 l of 8 M GdnHCl in H 2 O and heated at 80°C for 5 min. A second aliquot of 125 l was diluted up to 500 l with H 2 O and left at room temperature for 5 min. In both cases, the free drug was removed afterwards by gel filtration through Sephadex G-25, and the amount of bound drug was determined by liquid scintillation counting on a 1450-MicroBeta TriLux counter (PerkinElmer Life Sciences). Finally, a third 40-l aliquot of each original sample was mixed with 10 l of denaturing electrophoresis sample buffer without reducing agents, and 35 l of this mixture was loaded onto a 10% polyacrylamide gel and subjected to SDS-PAGE (again in the absence of reducing agents except for the DTE already included in the corresponding sample), followed by fluorography of the dried gel.
Protein Turnover Rate Experiments-To determine the turnover rate of GSK-3␤, cortical neurons were treated with the protein synthesis inhibitor cycloheximide, and the total GSK-3␤ concentration was measured at the indicated times by immunoblotting. Cortical neurons from CD-1 mouse embryos of 18-day gestation were obtained and maintained following procedures already described (37) . After 4 days in vitro, the cells were treated with 50 M cycloheximide, and at the intended time, they were lysed with buffer containing 10 mM Tris-HCl, pH 7.4, 100 mM NaCl, 1 mM EDTA, 2 mM Na 3 VO 4 , 1% Triton X-100, 10% glycerol, 0.1% SDS, 0.5% sodium deoxycholate, 1 mM PMSF, and the Complete TM protease inhibitor mixture (Roche Applied Science). The lysates were centrifuged at 13,000 ϫ g for 3 min at 4°C, resuspended in denaturing electrophoresis sample buffer, submitted to electrophoresis in a 10% SDS-polyacrylamide gel, and transferred to Hybond ECL nitrocellulose membranes (GE Healthcare). Membranes were then blocked with 10% nonfat milk and incubated overnight with the mouse monoclonal anti-GSK-3␣/␤ antibody (1:1000 dilution) and ␤-tubulin antibody (1:500) as the loading control. Finally, they were treated with the corresponding HRP-conjugated anti-mouse immunoglobulin, and the immunoreactive proteins were visualized with an enhanced chemiluminescence detection system (GE Healthcare). The relative levels of GSK-3␤ were quantified by densitometry of the scanned images of the immunoblot. The half-life of the enzyme was calculated by fitting the time course of GSK-3␤ disappearance to a single exponential decay equation. Cell viability was monitored in parallel (LDH cell cytotoxicity kit from Roche Applied Science) to ensure that cell survival was above 90%.
Evaluation of Inhibition on Kinase Panel-The inhibitory activities of tideglusib and hypothemycin on a panel of selected kinases were evaluated in the Invitrogen European Screening Center (Paisley, UK). Compounds were tested in duplicate at a single concentration of 10 M on a group of selected kinases, the enzymatic activity of which was measured using the ZЈ-LYTE TM technology at ATP and peptide concentrations around their K m values, except for MEK1, MEK2, p38␣, and JNK1, for which ATP was at 100 M. In a few cases where it was not possible to monitor the activity of the kinases (MEK3, NIK, TAK1-TAB1, MNK2, NLK, and ZAK) the ability of the compounds to displace the binding of fluorescent analogues of known ATP-competitive inhibitors was measured using the time-resolved FRET-based LanthaScreen TM technology. Details on the nature of the kinases tested and the average of the results obtained in each case are presented in supplemental Table 1 .
RESULTS
The synthesis of TDZDs was first reported in 2002 (31) . In that paper, the compounds were described to inhibit GSK-3␤ in a non-competitive mode with respect to ATP. We therefore first checked if, as expected, tideglusib also shares this property. To that end, double ATP and inhibitor titrations were run while keeping the peptide substrate concentration fixed. Fig. 1 shows that the experimental results fit well to a non-competitive inhibition model (termed "mixed" by some authors (38) and "noncompetitive" by others (39)) with a K i of 60 Ϯ 7 nM and an ␣ value of 22 Ϯ 5. The high value for this latter parameter suggests a preponderance of the competitive component of the inhibition. Nonetheless, it must be noticed that such inhibition pattern is only meaningful from a mechanistic perspective if the compound was reversible, because the equations defining this type of inhibition, to which the experimental data have been fitted, were deduced on the basis of a rapid, reversible binding of the inhibitor to the enzyme. Indeed, irreversible inhibitors often display a non-competitive pattern when double titrations are performed. Consequently, we decided to test the reversibility of the inhibition by running filtration experiments. The aim of such studies was to investigate if the removal of the unbound compound promoted the dissociation of the enzyme-inhibitor complex and led to inhibition fading. As observed in Fig. 2 , the inhibition caused by 1 M tideglusib (ϳ20 times over its calculated K i ) remained after the free, unbound drug had been removed by two consecutive filtration and dilution cycles, causing a 400-fold dilution of the small molecular weight material. In the same experiment, the kinase activity was fully recovered when the enzyme was treated with its known reversible inhibitor SB-415286 at 1 M (30 times over its reported K i ) (40). These results strongly suggest that the inhibition caused by tideglusib on GSK-3␤ was irreversible or at least behaved as irreversible within the time frame of the experiment (1 h of postdilution incubation with buffer followed by a 1-h enzymatic reaction), meaning that the off-rate of the drug is low enough to avoid the recovery of the enzyme activity within this 2-h period. Accordingly, it is reasonable to expect that slow inhibition kinetics must be governing the process, and, therefore, commonly used efficacy parameters, such as IC 50 , will depend on the enzyme-drug incubation period. This fact is clearly shown in Fig. 3A , where a significant shift in the doseresponse curve was observed as a consequence of increasing the incubation time between enzyme and inhibitor by 1 h, the shift leading to a 20-fold decrease in the IC 50 value. Such time-dependent inhibition is not an exclusive feature of tideglusib but rather a compound class property, because it is also noticeable in other structurally related TDZDs covering a wide (3 orders of magnitude) range of potencies; as observed in the correlation plot displayed in Fig. 3B , all of the experimental points fall below the y ϭ x line, meaning that the potencies were significantly higher (i.e. the IC 50 values were lower) when a 1-h preincubation step was included.
The slow inhibition kinetics rendered by tideglusib enables the determination of the microscopic kinetic constants defining the binding of the compound to GSK-3␤. This type of behavior can be widely described by the mechanism shown in Scheme 1 (described in Ref. 41) , which assumes a two-step process, including a first recognition step (i.e. the formation of the enzyme-inhibitor complex) followed by a second step that leads to a different form of this complex (denoted as E*-I in Scheme 1) (e.g. by enzyme isomerization or conformational rearrangement).
Equation 3 describes the kinetics of product formation by an enzyme inhibited through such a mechanism at a given inhibitor concentration, as described by Morrison and Walsh (41) .
where v 0 and v s represent the initial and steady-state velocities of product formation while the enzyme is being inhibited, and k obs is the apparent rate constant to approach the inhibition equilibrium at a given inhibitor concentration. Such a concentration dictates the value of k obs according to Equation 4 (assuming that k 2 Ͼ Ͼ k 3 ; i.e. the first equilibrium is reached rapidly),
where K 1 is the dissociation constant of the first E-I complex (i.e. the quotient k 2 /k 1 ). Therefore, a secondary plot of k obs versus inhibitor concentration would yield a hyperbola allowing the determination of k 4 (from the y intercept), k 3 (from the upper asymptote after subtracting k 4 ), and K 1 (from the abscissa corresponding to the midpoint between the y intercept and the upper asymptote of the hyperbola). Thus, to gain further insight into the kinetics of tideglusib inhibition on GSK-3␤, we obtained progress curves in the presence of several concentrations of the compound, and the experimental data were fitted to Equation 3, from which k obs values were derived and plotted against tideglusib concentration. As shown in Fig. 4 , the experimental data nicely fitted to Equation 3, and the secondary plot delivered a straight line (inset, R 2 ϭ 0.998) instead of a hyperbola. This result points to a large K 1 value so that tideglusib concentrations used in the experiment were far from those leading to the limiting value of k obs (i.e. Equation 4 ). In such a case, the intermediate E-I is kinetically insignificant relative to the formation of E*-I, and the whole process behaves as if it was composed on one single step yielding this latter 
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complex (41) (42) (43) . Consequently, the value of the slope of this line corresponds to k 3 /K 1 , which is the pseudo-second-order rate constant leading to the formation of E*:I (44). Such a value Ϯ S.E. from the linear fitting is 1.16 Ϯ 0.04 ϫ 10 3 M Ϫ1 s Ϫ1 , a relatively small figure that fits well with the assumption made above about the high K 1 figure (see "Discussion"). On the other hand, k 4 was obtained from the intercept and calculated to be 2.15 Ϯ 2.16 ϫ 10 Ϫ5 s Ϫ1 , a value not significantly different from zero as inferred from two observations; the S.E. value is similar in magnitude to the deduced value for the parameter, and the linear fitting obtained when the line was forced to pass through the origin yielded a similar S.D. of the residuals (1.654 ϫ 10 Ϫ3 versus 1.652 ϫ 10 Ϫ3 ), indicating that the goodness of the fit was equally acceptable. Therefore, k 4 can be considered zero for practical purposes, suggesting that there is no dissociation of the E*-I complex, which means that the inhibition of GSK-3␤ caused by tideglusib is functionally irreversible, a conclusion consistent with the results obtained from the filtration experiments.
It is very common to confound irreversible inhibition with covalent binding as the majority of irreversible inhibitors covalently modify their target enzymes. However, both terms must be differentiated, and the scientific literature actually provides several examples of irreversible inhibitors not acting through a covalent mechanism, such as aryl methyl sulfonyls and sulfonamides for COX-2 (45), as well as common drugs like allopurinol for xanthine oxidase or acyclovir for HSV-1 DNA polymerase (see Ref. 46 for a detailed review). Nonetheless, the results obtained in classical molecular interaction potential mapping studies led some authors to suggest that TDZDs may bind covalently to GSK-3␤ through its Cys-199 residue (34) . Consequently, we believed it appropriate to investigate whether this hypothesis was true and whether such covalent binding took place and was responsible for the irreversible inhibition of GSK-3␤ caused by tideglusib.
Hypothemycin, a fungus-derived polyketide, is a resorcylic acid lactone that contains a cis-enone in the macrocycle. This molecule has been reported to inhibit several kinases. This cisenone is an effective Michael acceptor of nucleophiles, such as Cys groups. Schirmer et al. (47) completed a detailed bioinformatics analysis on the kinases inhibited by hypothemycin and found that many of them included a conserved Cys residue in the ATP-binding site, whereas such a residue was absent in the active site of all of the kinases unaffected by this compound. In their analysis, they identified a total of 46 kinases in the human kinome containing this Cys residue, which is adjacent to the conserved Asp involved in Mg 2ϩ binding. GSK-3␤ was among these kinases, and the relevant Cys residue was Cys-199. We therefore decided to evaluate the activity of tideglusib in a panel of kinases, including as many as possible of those 46 that contain the conserved Cys, comparing the inhibitory profiles of tideglusib and hypothemycin. A panel of 68 kinases (including 26 of those 46) was selected on the basis of their structural and functional diversity in an effort to include a representative sample of the entire human kinome. The evaluation was carried out for both compounds at a fixed concentration of 10 M, and the results obtained were compared in the correlation plot displayed in Fig. 5 , where the line denoting identity (y ϭ x) is shown for visual reference. As observed, the inhibitory profiles of the compounds are completely dissimilar, and only a few dots are placed near the identity line. Moreover, this lack of correlation is even more pronounced if the analysis focuses only on the kinases with the conserved Cys residue, because most of the dots corresponding to these kinases appear in the upper part of the graph, meaning that the extent of the inhibition caused by hypothemycin on these kinases is larger than that caused by tideglusib. This disparity and the fact that only 10 of the 26 "Cys-conserved" kinases were significantly inhibited (more than 50%) by 10 M tideglusib suggest that, even if the drug was acting on GSK-3␤ by modifying a Cys residue in the active site, the process should involve specific interactions that accounted for the differential effects observed between tideglusib and hypothemycin, and it was not simply the result of a reactive, non-selective chemical modification.
To gain further insight into the potential role of Cys-199 on the inhibition caused by tideglusib, a C199A mutant version of human recombinant GSK-3␤ was prepared, and the effect of the drug was again compared with that of hypothemycin. Because hypothemycin belongs to a compound class known to inhibit with slow kinetics (48) , the effect of a 1-h preincubation step was also studied. Alsterpaullone, a commonly used, well known reversible inhibitor of the enzyme that acts through a rapid equilibrium process (49) , was used as a control. The results, summarized in Table 1 , show that the three compounds inhibited the wild-type enzyme with different potencies, the effect of alsterpaullone being independent of the preincubation step, as expected. However, hypothemycin failed to inhibit the mutant enzyme even when a preincubation step was included, whereas tideglusib showed a modest inhibition, which became potent (IC 50 ϭ 60 nM) when the C199A enzyme and the drug were preincubated for 1 h. Alsterpaullone showed identical results with the wild-type and the mutant enzymes, demonstrating that its mechanism of inhibition is independent of the presence of the Cys-199 residue.
This result highlights the differences between the mechanisms by which hypothemycin and tideglusib inhibit GSK-3␤. Cys-199 is essential for the inhibitory effect of the former, but the role of this residue on the inhibition caused by tideglusib is less clear. Indeed, although replacing Cys-199 impaired notably the inhibitory effect of tideglusib, such an effect was not fully abolished. Moreover, the compound demonstrated a significant potency on the mutant enzyme if enough time was provided for the interaction to proceed. Bearing this in mind, kinetic studies were performed with tideglusib and the mutant enzyme in order to compare the results obtained with the wildtype version. Progress curves in the presence of several concentrations of tideglusib were obtained (Fig. 6) , and the experimental data were processed as above. As was the case with the wild-type enzyme, the k obs displayed a linear dependence on the concentration of tideglusib (Fig. 6, inset) . It is noticeable that the C199A mutation led to a decrease in the k 3 /K 1 value of 1 order of magnitude with respect to that of the wild-type enzyme (see Table 2 ), suggesting that Cys-199 replacement decelerated the process of E*-I formation. The most relevant information was provided by the dissociation constant k 4 , which is 4-fold higher and, more remarkably, significantly different from zero. Still, tideglusib showed a long residence time in the mutant enzyme (t1 ⁄ 2 ϭ 2.2 h as deduced from k 4 ), but the fact that k 4 was distinct from zero suggests that this GSK-3␤ mutation turned tideglusib from an irreversible to a longstanding reversible inhibitor, and this might be consistent with the formation of a covalent bond between the drug and Cys-199. However, the long half-life and the reduced but still significant potency (K i * around 500 nM) suggests that the Cys residue is not totally essential for the inhibitory activity of the compound. To shed light on the mode of interaction of tideglusib with GSK-3␤, binding experiments with radiolabeled [ 35 S]tideglusib were performed. The aim of these experiments was to investigate whether the compound remained bound to the enzyme after having subjected the complex to denaturing conditions. Given that the possible interaction with Cys-199 might involve the formation of a disulfide bond with the sulfur atom of the TDZD ring, the effect of a reducing agent (DTE) was also explored. GSK-3␤ and [
35 S]tideglusib were mixed and incubated at room temperature before adding buffer with or without DTE. The samples then followed a double-pronged strategy 
values (expressed in nM) for GSK-3␤ inhibition with or without a 1-h preincubation of the enzyme with each compound
Data correspond to the mean of two independent determinations; the mean was calculated from the logarithm values as described under "Experimental Procedures." The values shown in parentheses correspond to the factor that must multiply or divide the IC 50 to define the range corresponding to the duplicate determinations. 
Inhibitor

GSK-3 ␤ WT GSK-3 ␤ C199A
No preincubation 1-h preincubation No preincubation 1-h preincubation
TABLE 2 Summary of kinetic parameters for the inhibition caused by tideglusib on GSK-3␤ WT and C199A
Errors correspond to the S.E. deduced from the linear fitting to Equation 4. t1 ⁄ 2 was deduced from k 4 , whereas K i * has been approximated as the quotient between k 4 and k 3 /K 1 assuming k 4 Ͻ Ͻ k 3 . Neither t1 ⁄ 2 nor K i * have been calculated for WT GSK-3␤, given the large k 4 error. designed to obtain both qualitative and quantitative information of the same approach; while a small aliquot was submitted to electrophoresis under denaturing conditions followed by fluorography, the remaining part of each sample was either treated with a chaotropic agent (6 M GdnHCl at 80°C for 5 min) or left untreated before removing the unbound drug by gel filtration chromatography on Sephadex G-25 and measuring the remaining radioactivity by liquid scintillation counting. As can be observed in Fig. 7A , only the DTE-untreated samples rendered a very faint band, hardly visible to the naked eye, which could be detected in the fluorography at a position corresponding to the molecular mass of GSK-3␤ (ϳ47 kDa) only after very long exposure times (8 days). Although the presence of a band could suggest covalent modification, such a very weak response with respect to the amount of GSK-3␤ loaded on the gel (126 pmol) and the specific activity of the radiolabel (207 Bq/nmol) prevents us from obtaining clear conclusions from this result and rather points to a possible artifactual nature. Furthermore, the quantitative analysis after gel filtration (Fig. 7B) shows that whereas the sample treated under non-denaturing conditions presented significant levels of tideglusib binding (0.47 mol/mol of GSK-3␤), these levels were notably reduced when the sample was denatured with GdnHCl (0.14 mol/mol of GSK-3␤) and were fully abolished when DTE was included in the treatment. In principle, the levels of bound drug in the GdnHCl-treated sample should have been either unaffected or completely suppressed with respect to the untreated sample, depending on whether the binding was covalent or not, respectively. Still, the observed residual bound levels might be consistent with noncovalent binding, assuming that the protein has suffered an incomplete denaturation, but the fact that the levels were so decreased is harder to explain if the binding was covalent. Likewise, the possibility of a covalent modification of the protein that eventually progresses to a final adduct in which the sulfur atom of tideglusib (i.e. the one being isotopically labeled) is lost cannot be excluded. Therefore, although the covalent binding between tideglusib and GSK-3␤ cannot be completely ruled out, its presence is not unequivocally supported by the currently available evidence.
GSK-3␤ version
The functionally irreversible inhibition of GSK-3␤ by tideglusib makes this compound a potent pharmacological tool. To further understand the physiological consequences of this fact, the protein turnover rate of the enzyme was monitored in primary cultures of mouse cortical neurons. Initial approaches to that goal with classical pulse and chase experiments did not deliver any interpretable result, because the incubation of cells with [
35 S]Met/Cys in Met-and Cys-free medium for up to 3 h failed to label enough endogenous GSK-3␤. Longer incubation times could not be sustained due to toxic effects on the cell culture. This result by itself may suggest a slow turnover for this protein and led us to take a different approach monitoring the enzyme degradation after halting protein synthesis with cycloheximide (Fig. 8) , a methodology that, despite some caveats (see "Discussion"), has previously rendered results similar to those obtained by pulse and chase (50, 51) . The experiment could be extended up to 48 h before significant cell toxicity occurred, and the exponential decay observed enabled us to estimate a t1 ⁄ 2 of 41 Ϯ 4 h for GSK-3␤, despite the fact that about 40% of the enzyme levels at t ϭ 0 was still present after 48 h of cycloheximide treatment. The inclusion of 1 and 10 M tideglusib in the culture medium did not significantly change this result (data not shown). As suggested above, such a long half-life might explain the failure of the pulse and chase approach and is consistent with results reported by other authors using a similar procedure in rat cerebellar granule neurons (52) and in HEK-293 cells (53) . A similar result was also obtained when the study was performed by our group with human neuroblastoma SH-SY5Y cells as well as with other non-neuronal cell lines, such as HepG2 and Jurkat cells (data not shown). This long half-life and the functionally irreversible inhibition caused by tideglusib point to a longstanding effect of the compound and may imply pharmacodynamic consequences of potential clinical application.
DISCUSSION
Our data demonstrate that tideglusib is an irreversible inhibitor of GSK-3␤. This was evidenced by the lack of recovery of enzymatic activity once the unbound drug was removed, but also by the extremely low value of the dissociation rate constant k 4 , which was not significantly different from zero. Such irreversibility may explain the apparent non-competitive pattern with respect to ATP (54) that has been obtained in double titrations and had also been previously reported for other TDZDs (31, 34) . Thus, it is not possible to derive a straightforward conclusion from such an inhibitory pattern (e.g. interpreting that the inhibitor and ATP bind to different enzyme forms and maybe at different sites). It is interesting to observe that the ␣ value deduced from the fitting of the experimental data to the non-competitive equation was significantly higher than 1 (␣ ϭ 22 Ϯ 5), pointing to a predominantly competitive component.
Noticeably, when Cys-199 was replaced by Ala, the value of k 4 , although small, became significantly different from zero, denoting the possible existence of a slow dissociation step for the complex formed with this mutant enzyme. Although this fact might be consistent with the hypothesis of a covalent binding to Cys-199, none of the currently available experimental evidence supports this possibility unequivocally. The fluorography obtained after SDS-PAGE of preincubated mixtures of [ 35 S]tideglusib and GSK-3␤ revealed very weak bands only for the DTE-untreated samples, but the faint intensity of these bands is not consistent with the amount of protein loaded and the specific activity of the radiolabeled drug. The quantification of the binding after removing the unbound drug by gel filtration showed a significant decrease in the levels of bound [ 35 S]tideglusib after denaturation with 6 M GdnHCl, a result that would support the non-covalent nature of the interaction. Moreover, the low levels of binding inferred from the small amount of drug that remains stuck to the denatured sample are not consistent with the high levels of inhibition exerted by tideglusib on GSK-3␤, these latter being more in agreement with the binding levels observed for the untreated sample. On the other hand, the complete absence of bound drug in the DTE-treated samples may be a reflection of the instability of TDZDs in the presence of thiolic agents at high concentrations, which cannot be prevented even if the drug is bound to GSK-3␤. In any case, the significant but partial suppression of bound tideglusib in the GdnHCl-treated sample compared with the total elimination in the DTE-treated ones can probably be explained by incomplete denaturation of the former. Alternatively, the formation of a covalent complex that evolves and finally yields a modified protein that does not include the sulfur atom of tideglusib (hence not being radioactive) cannot be ruled out. Notably, alternative approaches, such as tryptic digestion followed by MALDI-TOF analysis and peptide mass fingerprinting, have not revealed any difference between the GSK-3␤-tideglusib sample and GSK-3␤ alone (data not shown), suggesting that either there is no covalent modification, or it is too subtle to be detected by the methodologies used. In any case, the kinetic data have shown that, regardless of the existence of a covalent bond, other critical interactions between tideglusib and GSK-3␤, not involving Cys-199, must take place, as suggested by two important findings: first, the ability of the drug to inhibit the C199A mutant enzyme with both moderate affinity (K i * ϳ500 nM) and long residence time (t1 ⁄ 2 ϭ 2.2 h), and, second, the lack of effect on other kinases that include a Cys homologous to Cys-199 in their active site, suggesting that such a residue is not essential for the effect of the drug. These results support the nature of tideglusib as a specific inhibitor and differentiate it from other more reactive molecules, which may eventually lead to the same form of inactivated enzyme.
The kinetics of inhibition by tideglusib showed a linear dependence of the rate constant of approach to equilibrium, k obs , with inhibitor concentration. This suggests that, under our experimental conditions, the intermediate complex E-I (see Scheme 1) was kinetically insignificant relative to the rate of inactivation leading to E*:I and precluded us from determining the values of k 3 and K 1 . In a classic article about slow binding inhibition, Morrison and Walsh (41) presented a comprehensive table with the relevant kinetic parameters for many inhibitors of this kind, including drugs like methotrexate and trimethoprim. It is noticeable that all of the tabulated values for k 3 fell in a narrower band than those for K 1 : 2-3 orders of magnitude versus 6. This fact explains the negative linear correlation between the pseudo-second-order rate constant k 3 /K 1 and the equilibrium constant K 1 shown in Fig. 9 (R ϭ 0.96, p Ͻ 0.0001). Such a correlation may enable us to obtain a gross estimate of K 1 (hence also k 3 ) from the experimental value of k 3 /K 1 ; for the interaction of WT GSK-3␤ and tideglusib, this approximation suggests that K 1 may be on the order of 10 Ϫ4 M, and therefore k 3 may be in the range of 10 Ϫ1 s Ϫ1 . The high value for K 1 would be consistent with the poor kinetic significance of the E-I complex and would explain the linear dependence of k obs with tideglusib because the tested concentrations of the inhibitor were not higher than 1 M, (i.e. K 1 Ͼ Ͼ [I] in Equation 4, as mentioned under "Results"). This may indicate a relatively weak initial binding of the compound to the enzyme, which is strengthened during the subsequent step, leading to the formation of the Ϫ1 . Enzyme inhibitors acting through covalent binding to their targets or being functionally irreversible have usually been dismissed when found in drug discovery programs, often due to concerns about safety liabilities. However, their use in the clinic has a long tradition of success, and several voices have recently defended their use (55) . Indeed, a variety of approaches have been followed by different groups to design either irreversible or covalently bound kinase inhibitors with therapeutic potential as a strategy to overcome drug resistance (56) or to improve the selectivity of the inhibition (57) . Although the currently available data do not prove unequivocally the covalent binding of tideglusib to GSK-3␤, the irreversible inhibition it causes becomes more relevant when considering the slow turnover rate of GSK-3␤ in neuronal cells. Nevertheless, the impossibility of running a classical pulse and chase experiment has precluded us from obtaining an accurate value for the enzyme halflife, and two main caveats must therefore be considered when interpreting this result. First, because protein synthesis was not synchronized in our experiments, the population of GSK-3␤ being degraded was a mixture of aged molecules and recently synthesized ones, so the observed decay rate might have been accelerated by the influence of the former, and the half-life obtained might consequently have been underestimated; hence, it must be considered as a sort of lowest value. Second, because protein synthesis has been halted with cycloheximide, it may be simplistic to consider that the protein degradation machinery was unaffected, and therefore the validity of the result can be questioned. Nonetheless, besides the fact that this procedure is common and widely used, the long half-life estimated here for GSK-3␤ is consistent with values described by other authors (although using the same approach) in different cell lines and in primary neurons and is also consistent with the most likely explanation for the failure of the pulse and chase strategy. On the basis of this reasoning, we believe that the GSK-3␤ half-life figure we have determined is valid enough at least to propose that this is a long lived protein.
In summary, our results demonstrate that tideglusib is an irreversible inhibitor of GSK-3␤, thus explaining the noncompetitive inhibition pattern with respect to ATP that has also been observed and was previously reported for other TDZDs. Although the evidence presented here does not seem to indicate a covalent modification of the enzyme, the functional irreversibility of the inhibition combined with the low turnover rate determined for GSK-3␤ may extend the duration of the pharmacological effect caused by this drug in a way that can be exploited to maximize its therapeutic potential.
